ABSTRACT: Most breast cancers express estrogen receptor (ER) α, and the antiestrogen drug tamoxifen has been widely used for their treatment. Unfortunately, up to half of all ERα-positive tumors have intrinsic or acquired endocrine therapy resistance. Our recent studies revealed that the ER coactivator Mediator Subunit 1 (MED1) plays a critical role in tamoxifen resistance through cross-talk with HER2. Herein, we assembled a three-way junction (3-WJ) pRNA−HER2apt−siMED1 nanoparticle to target HER2-overexpressing human breast cancer via an HER2 RNA aptamer to silence MED1 expression. We found that these ultracompact RNA nanoparticles are very stable under RNase A, serum, and 8 M urea conditions. These nanoparticles specifically bound to HER2-overexpressing breast cancer cells, efficiently depleted MED1 expression, and significantly decreased ERα-mediated gene transcription, whereas point mutations of the HER2 RNA aptamer on these nanoparticles abolished such functions. The RNA nanoparticles not only reduced the growth, metastasis, and mammosphere formation of the HER2-overexpressing breast cancer cells but also sensitized them to tamoxifen treatment. These biosafe nanoparticles efficiently targeted and penetrated into HER2-overexpressing tumors after systemic administration in orthotopic xenograft mouse models. In addition to their ability to greatly inhibit tumor growth and metastasis, these nanoparticles also led to a dramatic reduction in the stem cell content of breast tumors when combined with tamoxifen treatment in vivo. Overall, we have generated multifunctional RNA nanoparticles that specifically targeted HER2-overexpressing human breast cancer, silenced MED1, and overcame tamoxifen resistance. KEYWORDS: MED1, HER2 RNA aptamer, pRNA of phi29 DNA packaging motor, tamoxifen resistance, breast cancer B reast cancer has continually been one of the leading malignant cancers threatening global human health. Approximately 75% of patients express estrogen receptor alpha (ERα), which belongs to the steroid nuclear receptor family and has been well documented in promoting breast carcinogenesis in an estrogen-dependent manner.
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ABSTRACT: Most breast cancers express estrogen receptor (ER) α, and the antiestrogen drug tamoxifen has been widely used for their treatment. Unfortunately, up to half of all ERα-positive tumors have intrinsic or acquired endocrine therapy resistance. Our recent studies revealed that the ER coactivator Mediator Subunit 1 (MED1) plays a critical role in tamoxifen resistance through cross-talk with HER2. Herein, we assembled a three-way junction (3-WJ) pRNA−HER2apt−siMED1 nanoparticle to target HER2-overexpressing human breast cancer via an HER2 RNA aptamer to silence MED1 expression. We found that these ultracompact RNA nanoparticles are very stable under RNase A, serum, and 8 M urea conditions. These nanoparticles specifically bound to HER2-overexpressing breast cancer cells, efficiently depleted MED1 expression, and significantly decreased ERα-mediated gene transcription, whereas point mutations of the HER2 RNA aptamer on these nanoparticles abolished such functions. The RNA nanoparticles not only reduced the growth, metastasis, and mammosphere formation of the HER2-overexpressing breast cancer cells but also sensitized them to tamoxifen treatment. These biosafe nanoparticles efficiently targeted and penetrated into HER2-overexpressing tumors after systemic administration in orthotopic xenograft mouse models. In addition to their ability to greatly inhibit tumor growth and metastasis, these nanoparticles also led to a dramatic reduction in the stem cell content of breast tumors when combined with tamoxifen treatment in vivo. Overall, we have generated multifunctional RNA nanoparticles that specifically targeted HER2-overexpressing human breast cancer, silenced MED1, and overcame tamoxifen resistance. KEYWORDS: MED1, HER2 RNA aptamer, pRNA of phi29 DNA packaging motor, tamoxifen resistance, breast cancer B reast cancer has continually been one of the leading malignant cancers threatening global human health. Approximately 75% of patients express estrogen receptor alpha (ERα), which belongs to the steroid nuclear receptor family and has been well documented in promoting breast carcinogenesis in an estrogen-dependent manner. 1−3 Hence, tamoxifen, an antagonist of ERα, has been widely used as a first-line adjuvant endocrine therapy to treat both premenopausal and postmenopausal ERα-positive breast cancer patients. 4 Unfortunately, about half of these patients have intrinsic or acquired tamoxifen resistance, which significantly limits the clinical outcome of tamoxifen treatment. 5 Recent research has provided deeper insight into the molecular mechanisms involved in tamoxifen resistance. 6 Most notably, overexpression of HER2 has been shown to be one of the major mechanisms associated with tamoxifen resistance by enhancing ERα functions. 7−9 Moreover, recent studies have further revealed the key role of the crosstalk between HER2 and ERα transcriptional coactivator Mediator Subunit 1 (MED1) in tamoxifen resistance. 10, 11 As a transcriptional coactivator of ERα, MED1 is associated with a subpopulation of the TRAP/mediator complex and directly interacts with ERα via its two classical LxxLL motifs to facilitate target gene expression through the recruitment of RNA polymerase II and general transcriptional machinery. 12−14 Interestingly, the MED1 gene is located in close proximity to the HER2 gene within the HER2 amplicon on chromosome 17q12 and coamplifies with HER2 in almost all cases. 10, 15 Our recent studies have further confirmed that MED1 protein level highly correlated with HER2 status in human breast cancer by tissue microarray analyses. 11 Importantly, MED1 can be phosphorylated and activated by an HER2 signaling pathway, while knockdown of MED1 by small interference RNA (siRNA) significantly sensitized HER2-overexpressing ERα positive breast cancer cells to tamoxifen treatment. 11 Significantly, clinical data further indicated that MED1 overexpression strongly correlates with endocrine therapy resistance in ERα-positive breast cancer patients. 16, 17 Since the discovery and establishment of gene silencing by RNA interference at the turn of the century, 18, 19 many siRNAbased drugs have entered clinical trials with a number of them recently showing promising outcomes. 20−22 However, developing the siRNA delivery systems with strong stability, specific tumor targeting ability, and low toxicity remains a major challenge. Recently, three-way junction (3-WJ) pRNA nanoparticles, which are derived from the RNA of bacteriophage phi29 DNA packaging motor, show promise as a highly desirable in vivo siRNA delivery system. 23, 24 Using RNA nanotechnology, Phi29 pRNA has been utilized to "bottom-up" assemble a variety of dimers, trimers, hexamers, tetramers, and higher order oligomers with controllable stoichiometry. The extending arms of pRNA structures could be intelligently replaced with siRNAs, miRNAs, riboswitches, and RNA aptamers and conjugated with fluorescent probes or other moieties to construct multifunctional pRNA nanoparticles. 24 Notably, the 2′-fluoro modification of RNA bases rendered the pRNA nanoparticles ultrastable and resistant to RNase exposure. 25 Moreover, after systemic administration, the pRNA nanoparticles demonstrated a favorable pharmacokinetic profile with a highly prolonged half-life and excellent biosafety Figure 1 . Construction and characterization of pRNA−HER2apt−siMED1 nanoparticles. (A) Scheme of the pRNA−HER2apt−siMED1 (p-HER2-siMED1) structure. (B) p1 and p2 strands of pRNA−HER2apt−siMED1were transcribed using an in vitro RNA transcription system and separated in 8% denatured PAGE gel. (C) pRNA−HER2apt−siMED1 nanoparticles were generated by annealing equal molar of strands p1 and p2 and subjected to 8% native PAGE gel electrophoresis. (D) DLS assay of hydrodynamic size of pRNA−HER2apt−siMED1 nanoparticle. (E) T m value of pRNA−HER2apt−siMED1 nanoparticle determined by TGGE assay. (F) Atomic force microscopy (AFM) images of pRNA−HER2apt−siMED1 nanoparticles. (G) Stability of control unmodified and 2′-F-modified pRNA nanoparticles was examined by 8% native PAGE gel electrophoresis after RNase A, 10% FBS-supplemented DMEM medium, and 8 M urea treatments for the indicated time at 37°C. in mice. 26 Importantly, these pRNA nanoparticles have been applied to specifically target a variety of human tumors and tested for cancer therapy. 24,27−30 In the current study, we exploited the 3-WJ pRNA structure to construct AlexaFluor647-labeled multifunctional pRNA− HER2apt−siMED1 nanoparticles bearing an HER2-targeting RNA aptamer and two different MED1 siRNAs to silence MED1 expression in HER2-overexpressing ERα-positive breast cancer cells. The pRNA−HER2apt−siMED1 nanoparticles exhibited a high T m value and excellent stability upon exposure to 8 M urea, RNase A, and serum. Importantly, these nanoparticles could specifically target HER2-overexpressing breast cancer to silence MED1 expression both in vitro and in orthotopic xenograft mouse models. We further examined the antibreast cancer activities of these pRNA−HER2apt−siMED1 nanoparticles and dissected the underlying molecular mechanisms. Overall, our work has generated highly promising pRNA−HER2apt−siMED1 nanoparticles that could specifically deliver MED1 siRNAs to HER2-overexpressing human breast cancer and overcome tamoxifen resistance.
RESULTS AND DISCUSSION
Generation and Characterization of 3-WJ pRNA− HER2apt−siMED1 Nanoparticles. Utilizing the three-way junction (3-WJ) of Phi29 pRNA as the core unit, we constructed a self-assembled double-strand pRNA nanoparticle bearing an HER2-targeting RNA aptamer and two different MED1 siRNAs for in vitro and in vivo delivery (termed pRNA− HER2apt−siMED1, Figure 1A ). In the search for an HER2 aptamer suitable for delivering pRNA−HER2apt−siMED1 into HER2-overexpressing breast cancer cells, we tested several published HER2 RNA aptamers 31, 32 ( Figure S1A ,B) and found that the B3 aptamer could target HER2-overexpressing BT474 cells and knockdown MED1 expression with the highest efficiency ( Figure S1C ). To construct pRNA−HER2apt−siMED1 and control nanoparticles, two strands, p1 and p2, were transcribed from the DNA templates using an in vitro T7 promoter-controlled RNA transcription system 33 ( Figure 1B and Table S1 ). These two strands were then mixed in an equal molar ratio and annealed to generate uniform pRNA nanoparticles ( Figure 1C ). The hydrodynamic size of the pRNA nanoparticles was determined to be 8.68 ± 1.87 nm by dynamic light scattering (DLS) measurements ( Figure 1D ). The T m value was determined to be 78 ± 2°C by temperature gradient gel electrophoresis (TGGE) assay ( Figure 1E ), and the atomic force microscopy (AFM) images clearly demonstrated the formation of homogeneous three-way junction architecture of the pRNA nanoparticles as previously described 28 ( Figure 1F ). As shown in Figure 1G , the 2′-F-modified but not unmodified pRNA nanoparticles were resistant to 10 μg/mL RNase A treatment and were highly stable in 10% FBSsupplemented DMEM medium at 37°C. Interestingly, both modified and unmodified pRNA nanoparticles maintained their structure in 8 M urea, reflecting the highly stable nature of the three-way junction. Next, the pRNA nanoparticles were digested with recombinant Dicer enzyme (Genlantis) 34 to confirm the release of siRNAs as indicated by the generation of 21−23 bp small RNAs after digestion ( Figure S1D ). Taken together, these results indicated that the self-assembled pRNA− HER2apt−siMED1 nanoparticles formed uniformly sized ultracompact and stable structures capable of releasing siRNAs.
Specific Targeting of HER2-Overexpressing Breast Cancer Cells by pRNA−HER2apt−siMED1 Nanoparticles in Vitro and in Vivo. We next examined the targeting capabilities of the AlexaFluor 647 (AF647)-conjugated pRNA− HER2apt−siMED1 nanoparticles using HER2-overexpressing BT474 cells and control MDA-MB-231 cells ( Figure S2A ). 35 We found that pRNA−HER2apt−siMED1 nanoparticles can Figure 2A ). However, mutating the HER2 aptamer in the stem region dramatically impaired the binding and internalization of the pRNA−HER2apt−siMED1 nanoparticles ( Figure S2B and Figure 2A ). Moreover, flow cytometric analyses further determined that pRNA−HER2apt− siMED1 nanoparticles were effectively taken up by BT474 cells rather than MDA-MB-231 cells after 3 h incubation at 37°C, whereas HER2 aptamer mutation notably decreased the uptake efficiency ( Figure 2B and Figure S2D ). Together, these results demonstrated the specific and efficient targeting of pRNA− HER2apt−siMED1 nanoparticles into HER2-overexpressing breast cancer cells.
To examine the in vivo siRNA delivery effects of pRNA− HER2apt−siMED1 nanoparticles, we utilized an orthotopic xenograft mouse model by implanting luciferase-overexpressing BT474 cells into the fourth mammary fat pad of the nude mice. The overexpression of HER2 in both BT474 cells and xenograft tumors was confirmed by Western blot analyses ( Figure  S2A ,E). The live animal imaging demonstrated that AF647-conjugated pRNA−HER2apt−siMED1 nanoparticles but not HER2 aptamer mutant nanoparticles were strongly accumulated in the area of the xenograft tumor after systemic administration ( Figure 2C ). Further in vivo biodistribution analyses confirmed the predominant accumulation of wild type but not HER2 mutant aptamer-containing nanoparticles in the xenograft tumors, while similar low levels of residual signals were detected in liver and kidney in both groups ( Figure 2D ). Importantly, confocal microscopic analyses of frozen tumor sections indicated that pRNA−HER2apt−siMED1 nanoparticles very effectively penetrated to tumor cells, while a majority of HER2 aptamer mutant nanoparticles remained in the microvessels (stained with an anti-CD31 antibody) as indicated by their localizations ( Figure 2E,F) . These results indicated that pRNA−HER2apt−siMED1 nanoparticles could specifically target HER2-overexpressing breast cancer both in vitro and in orthotopic xenograft mouse models.
Inhibition of Cell Growth and Metastatic Capabilities of HER2-Overexpressing Breast Cancer Cells by pRNA− HER2apt−siMED1 Nanoparticles in Vitro. Next, we examined the ability of pRNA−HER2apt−siMED1 nanoparticles to silence the expression of MED1 in BT474 and MDA-MB-231 human breast cancer cells. Using real-time PCR analyses, we found a significant depletion of nearly 70% of MED1 mRNA in BT474 cells after pRNA−HER2apt−siMED1 but not pRNA-HER2apt mut -siMED1 treatment ( Figure 3A ). Western blots further confirmed that MED1 protein level was greatly reduced by pRNA−HER2apt−siMED1treatment in BT474 cells but not in MDA-MB-231 cells ( Figure 3B and Figure S2F , top panel). As controls, transfection of wild type and mutant HER2 aptamer containing-nanoparticles with lipofectamine 2000 resulted in MED1 silencing in both BT474 and MDA-MB-231 cells ( Figure 3B and Figure S2F , bottom). Moreover, the pRNA−HER2apt−siMED1 nanoparticles decreased MED1 protein level in BT474 cells in a dose-dependent manner ( Figure S3A ). In addition, we further confirmed the effect of pRNA−HER2apt−siMED1 treatment on MED1 silencing in two other HER2-overexpressing and tamoxifen-resistant breast cancer cell lines MCF-7/HER2 and MCF-7/TAM, respectively ( Figure S4A,B) . 36, 37 These data demonstrated that the pRNA−HER2apt−siMED1 nanoparticles could specifically and efficiently silence MED1 expression in HER2-overexpressing breast cancer cells. As MED1 plays a key role in ERα-dependent growth and metastasis of HER2-overexpressing breast cancer, we further examined the effect of pRNA−HER2apt−siMED1 nanoparticles on BT474 cell growth and metastatic capabilities. As shown by MTT assay, the cell growth was dose-dependently inhibited by pRNA−HER2apt−siMED1 but not pRNA− HER2apt mut −siMED1 treatment ( Figure 3C and Figure S3B ). Furthermore, transwell assays indicated that both migration and invasion abilities of BT474 cells were specifically suppressed by the treatment of pRNA−HER2apt−siMED1 but not pRNA− HER2apt mut −siMED1 nanoparticles ( Figure 3D,E) . Next, we investigated the mRNA expression levels of ERα-dependent genes using real-time PCR analyses and found the expression of well-known ERα/MED1 target genes including TFF-1, c-Myc, and cyclin D1 was significantly down-regulated after pRNA− HER2apt−siMED1 treatment 38 ( Figure 3F−H) . Taken together, these data supported that pRNA−HER2apt− siMED1 nanoparticles could inhibit cell growth and metastatic capabilities of HER2-overexpressing breast cancer cells through silencing MED1 and its downstream gene expression.
Sensitizing HER2-Overexpressing Breast Cancer Cells to Tamoxifen Treatment Both in Vitro and in Vivo by the Biosafe-pRNA−HER2apt−siMED1 Nanoparticles. Since MED1 has recently been reported to play key roles in tamoxifen resistance of human breast cancer, we next examined the combinational effects of pRNA−HER2apt−siMED1 nanoparticles with tamoxifen on the growth and metastatic potential of BT474 cells. The results showed that the pRNA−HER2apt− siMED1 nanoparticles significantly enhanced the inhibitory effects of tamoxifen not only on the growth but also the migration and invasion capabilities of BT474 cells ( Figure 4A − C and Figure S5 ). We also confirmed the combinational effect of pRNA−HER2apt−siMED1 nanoparticles with tamoxifen Figure S4C,D) . Moreover, we examined the effect of pRNA−HER2apt− siMED1 and its combination with tamoxifen on breast cancer stem cells using an in vitro mammosphere culture assay. 39 We found that pRNA−HER2apt−siMED1 alone and in combination with tamoxifen not only greatly reduced the number of mammosphere formation but also the size of these mammospheres ( Figure 4D−F) .
To further examine the potential therapeutic effects of pRNA−HER2apt−siMED1 nanoparticles in vivo, we again employed an orthotopic xenograft mouse model generated using luciferase-overexpressing BT474 cells. After the tumor reached a size of ∼100 mm 3 , the mice were randomly divided into four groups and systemically administrated with pRNA nanoparticles alone or in combination with tamoxifen. As shown in Figure 5A −D, pRNA−HER2apt−siMED1 nanoparticles alone significantly inhibited tumor growth and reduced tumor burden, whereas tamoxifen treatment only weakly inhibited the growth of these tamoxifen resistant breast tumors as expected. More importantly, pRNA−HER2apt−siMED1 in combination with tamoxifen treatment further enhanced the inhibitory effect and almost completely suppressed tumor growth ( Figure 5A−D) . Immunochemistry staining and Western blot analyses further confirmed that the expression of MED1 was significantly depleted in the pRNA−HER2apt− siMED1-treated groups ( Figure 5E −G). Consistent with the suppressive effect on tumor growth, we found a dramatic reduction of Ki-67 expression in the tumor sections from pRNA−HER2apt−siMED1-treated groups ( Figure 5H,I) . Importantly, the pRNA nanoparticles exhibited great biosafety after systemic administration, as indicated by no significant reduction of mouse body weight during the entire treatment period ( Figure S6A ). Moreover, we analyzed the histopathology of major organs including heart, liver, spleen, lung, and kidney by H&E staining and did not detect any apparent organ injury or disturbance in these tissues, further indicating excellent biosafety of pRNA−HER2apt−siMED1 nanoparticles ( Figure S6B ). −/low stem cell population using flow cytometry. (E−H) Total RNA in the tumor tissues was extracted using TRIZOL reagent, and the expression of TFF-1 (E), c-Myc (F), cyclin D1 (G), and MMP-9 (H) was determined by real-time PCR.
Inhibition of Breast Cancer Lung Metastasis, Stem
Cell Formation, and Associated Target Gene Expression by pRNA−HER2apt−siMED1 Nanoparticles in Vivo. Since enhanced tumor metastasis and cancer stem cell formation are the major hallmarks of endocrine therapy resistance, we next examined the tumor lung metastasis and cancer stem cell population in the tumor tissues after the therapeutic treatments. H&E staining results indicated that there were multiple tumor lung metastasis foci in the scramble control or tamoxifentreated groups (Figure 6A,B) . However, treatments with pRNA−HER2apt−siMED1 nanoparticles alone or in combination with tamoxifen totally eradicated tumor lung metastasis. Further flow cytometric results revealed that pRNA−HER2-apt−siMED1 nanoparticles significantly reduced the CD44 + CD24 −/low cancer stem cells in the breast tumors. Impressively, when combined with tamoxifen, pRNA−HER2-apt−siMED1 nanoparticles led to almost complete depletion of the CD44 + CD24 −/low cancer stem cells in breast tumors (Figure 6C,D) . To further understand the molecular mechanism underlying the anticancer effect of pRNA− HER2apt−siMED1 nanoparticles, we analyzed expression levels of key ERα-associated genes involved in metastasis and cancer stem cell formation. Consistent with the above results, we found that ERα target genes TFF-1, c-Myc, and cyclin D1 as well as MMP-9 were significantly down-regulated by pRNA− HER2apt−siMED1 treatment ( Figure 6E−H) . Importantly, the expression of these genes was further inhibited when we combined the treatment of pRNA−HER2apt−siMED1 nanoparticles with tamoxifen. Together, our data indicated that pRNA−HER2apt−siMED1 nanoparticles could overcome tamoxifen resistance of HER2-overexpressing breast cancer by inhibiting tumor growth, lung metastasis, cancer stem cells, and associated gene expression.
To date, a variety of nanocarriers have been exploited for siRNA delivery, such as liposomes, polymers, dendrimers, and RNA nanoparticles. 23,24,40−43 In particular, the Phi29-derived 3-WJ pRNA nanoparticles show great promise as a highly desirable delivery system. In addition to the uniform nanoscale size, precise stoichiometry, and excellent stability and biocompatibility, the extended arms of the 3-WJ motif could be easily replaced with siRNAs or RNA aptamers without impairment of the ultrastability and conformation. Indeed, our pRNA−HER2apt−siMED1 nanoparticles are ultracompact (8.68 ± 1.87 nm) and have a very high T m value (78 ± 2°C ), which greatly favored not only their serum stability but also their accumulation to tumors after systemic administration due to enhanced permeability and retention (EPR) effect. 44 Importantly, we found these pRNA nanoparticles could be further utilized to combat endocrine therapy resistance, a major obstacle in current breast cancer treatment. Aside from its notable antibreast cancer activity, we found that pRNA− HER2apt−siMED1 nanoparticle greatly sensitized HER2-overexpressing breast cancer to tamoxifen treatment while eliciting no apparent toxicity to the normal organs after systemic administration, demonstrating a very promising siRNA delivery platform for cancer therapy.
HER2 is a well-known driver and biomarker for tamoxifenresistant human breast cancer. 8, 9, 11 HER2 monoclonal antibodies including trastuzumab and pertuzumab have been widely used to treat breast cancer patients. 45, 46 They have also been used for conjugation with chemotherapeutic drugs, such as emtansine, or nanocarriers for targeted drug delivery. 47, 48 Recently, RNA aptamers have emerged as promising targeting moieties for cancer diagnosis and therapy, and a number of HER2 RNA aptamers have been isolated through SELEX methods and tested in vitro. 31, 32 Nucleotide modification, such as 2′-fluoro, 2′-O-methyl, and 2′-amine modification, has now significantly improved the RNA stability under physiological conditions. In addition, RNA aptamers have several advantages for targeting, including small size, lower cost, convenient optimization, and conjugation. However, the potential of these HER2 RNA aptamers for in vivo targeting and drug delivery has not been examined. In the present study, we have tested and successfully identified one such aptamer capable of targeting HER2-overexpressing breast cancer cells and delivering MED1 siRNAs both in vitro and in vivo. Importantly, this HER2 aptamer not only specifically targeted the orthotopic xenograft tumors but also delivered siRNAs to dramatically silence MED1 expression in tumor tissues. Our observation of the greatly enhanced penetration and accumulation of pRNA−HER2apt−siMED1 nanoparticles into tumor cells is likely attributable to the specific targeting since the pRNA nanoparticles with mutant HER2 aptamers largely remain in the tumor blood vessels. Hence, our results highlighted the potential application of HER2 RNA aptamers in the development of future targeted drug delivery systems for HER2-overexpressing human breast cancer.
Cancer metastasis and cancer stem cells are the key drivers for therapy resistance and tumor recurrence. 49, 50 Significantly, our experimental evidence here indicated that the pRNA− HER2apt−siMED1 nanoparticles could reduce both breast cancer metastasis and the cancer stem cells. We found that the pRNA−HER2apt−siMED1 nanoparticles not only eliminated tumor lung metastasis in orthotopic xenograft mouse models but also dramatically reduced CD44 + CD24 −/low cancer stem cells in combination with tamoxifen. Consistent with these findings, we found their migration and invasion capabilities, and the expression of a number of key ERα-associated genes involved in metastasis and cancer stem cell formation are greatly inhibited by pRNA−HER2apt−siMED1 nanoparticles. 51, 52 These data suggested that the pRNA−HER2apt− siMED1 nanoparticles could be more advantageous by targeting both of these processes than most other currently available regimens only capable of targeting one such process. Finally, although we have only tested its combinational use with tamoxifen, our future studies can be further expanded to include other antiestrogens (e.g., fulvestrant) and possibly even anti-HER2 therapies. Such studies will undoubtedly provide further insights into pRNA−HER2apt−siMED1 functions and potentially broaden its applications.
CONCLUSIONS
The crosstalk between MED1 and HER2 plays an important role in the tamoxifen resistance of human breast cancer, rendering targeted MED1 silencing in HER2-overexpressing ERα-positive human breast cancer a promising strategy to overcome tamoxifen resistance. In the current study, we constructed pRNA−HER2apt−siMED1 nanoparticles for HER2-targeted MED1 siRNA delivery. Our results demonstrated that pRNA−HER2apt−siMED1 nanoparticles were specifically delivered to HER2-overexpressing ERα-positive breast cancer cells both in vitro and in vivo. These RNA nanoparticles successfully silenced MED1 expression and attenuated ERα function, consequently suppressing cancer cell proliferation and tumor growth. In combination with tamoxifen treatment, these nanoparticles notably decreased
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Article tumor lung metastasis and cancer stem cells content, thereby further reducing tumor burden in orthotopic xenograft mouse models. Overall, this study describes the delivery of MED1 siRNAs via the pRNA nanoparticle specifically to HER2-overexpressing ERα-positive human breast cancer cells to overcome tamoxifen resistance, and our findings provide a highly promising perspective for potential clinical treatment of advanced metastatic and tamoxifen resistant human breast cancer.
EXPERIMENTAL SECTION
Cell Culture. Human breast cancer luciferase-overexpressing BT474 and MDA-MB-231 cells were maintained in DMEM medium (Hyclone, Thermo Scientific) supplemented with 10% fetal bovine serum (FBS, Sigma) and 1% penicillin/streptomycin (Corning) at 37°C in a humidified atmosphere with 5% CO 2 .
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Generation of pRNA Nanoparticles. The two strands of pRNA were synthesized with the DNA templates, which were amplified with overlapping primers (Sigma) by PCR methods, using a T7 promotercontrolled in vitro RNA transcription system as previously described 33 ( Table S1 ). All of the CTP and UTP used for synthesis of the pRNA nanoparticles were 2′-fluoro modified, except the control unmodified pRNA nanoparticles used in the stability assays. Following an overnight transcription at 37°C, RNA strands were purified using RNA clean and concentrator kits (ZYMO research) and examined by 8 M urea denatured 8% PAGE gel. pRNA nanoparticles were assembled by mixing the equal molar amounts of p1 and p2 strands and gradually annealing from 90 to 20°C in 1× RNA annealing buffer containing 50 mM Tris−HCl (pH 7.5), 50 mM NaCl, and 1 mM EDTA on a PCR machine. The generated pRNA nanoparticles were examined by 8% native PAGE gels as previously described. 33 To generate AF647-conjugated pRNA nanoparticles, a 5′-termial AF647-conjugated RNA strand was synthesized (TriLink) for annealing.
Characterization of pRNA Nanoparticles. The hydrodynamic diameter and T m value of pRNA nanoparticles were determined using dynamic light scattering and TGGE assay, respectively, as previously described. 54 The AFM imaging of the pRNA nanoparticles was performed at the University of Nebraska Medical Center imaging facility as previously reported. 55 Briefly, the pRNA nanoparticles (5 μL) were deposited on APS modified mica 56 for a total of 2 min of incubation time. Excess samples were washed with DI water and dried under a flow of Argon gas. AFM images in air were acquired using a MultiMode AFM NanoScope IV system (Bruker Instruments) operating in tapping mode with 1.5 Hz scanning rate. TESPA probes from Bruker were used for tapping mode imaging. The probe had a spring constant of about 40 N/m and a resonance frequency between 320 kHz. For stability analyses, the pRNA nanoparticles were treated with RNase A, 8 M urea, or 10% FBS supplemented DMEM medium at 37°C, respectively. The integrity of the pRNA nanoparticles was examined through native PAGE gel electrophoresis.
pRNA Nanoparticle Cellular Uptake Assay. BT474 and MDA-MB-231 cells were seeded into 4-well Lab-Tek chamber slides (Nalge Nunc international, Thermo scientific) and incubated with 10 μg/mL AF647-conjugated pRNAs at 4°C for 30 min. After washing with PBS three times, cells were incubated at 37°C for another 1 h. Cells were then fixed with 4% formaldehyde, permeated with 0.25% Trinton X-100, and stained with FITC-conjugated β-actin antibody (Sigma) and DAPI (Sigma). pRNA nanoparticle uptake was examined using a laser scanning confocal microscope (Zeiss). For flow cytometry analyses, BT474 cells were incubated with AF647-labeled pRNA nanoparticles at 37°C for 3 h. After washing three times with PBS, the cellular uptake of pRNAs was determined using a BD LSRFortessa flow cytometer.
Real-Time PCR. Total RNA was extracted from cultured cells using an RNeasy mini kit (Qiagen) or from tumor tissues by Trizol reagent (Invitrogen), according to the manufacturer's instructions, followed by reverse-transcription using Superscript IV reverse transcriptase (Invitrogen). Real-time PCR was performed using fast start SYBR master mix (Roche) in a 7900HT Fast Real-time system (Applied Biosystem). The expression of MED1, TFF1, c-Myc, cyclinD1, and MMP-9 was analyzed using GAPDH as the internal reference.
Western Blot analyses. Cells were lysed in RIPA buffer supplemented with cocktail protease inhibitors (Roche) and PMSF, and subjected to SDS-PAGE gel electrophoresis. After transferring to nitrocellulose membranes, immunoblotting was performed by incubation with anti-MED1 and anti-β actin primary antibodies, followed by horseradish peroxidase-coupled goat antirabbit secondary antibody (Jackson ImmunoResearch) treatment and visualization with an enhanced chemiluminescence system (Pierce).
MTT Assay. BT474 cells were treated with pRNAs alone or together with 4-hydroxytamoxifen (4-OHT, Sigma) for 48 h. After the treatment, 10 μL of MTT reagent ((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma) was added to the cell culture medium and incubated at 37°C for 4 h. The formazan crystals were dissolved in DMSO, and the absorbance of the solution at 570 nm (A 570 nm ) was determined using a multifunctional microplate reader (BioTek).
Migration and metastasis assay. The 8-μm-pore-size polycarbonate membrane, which separates the two chambers of a 6.5 mm Transwell (Costar), was coated with or without 1:8 DMEM-diluted Matrigel (Corning). Transwell assay was performed as previously described. 57 Briefly, BT474 cells were treated with pRNAs alone or together with 4-OHT for 48 h and starved with serum-free DMEM containing 0.2% BSA overnight. On the next day, cells were collected and 2 × 10 5 cells were seeded to the upper chamber of Transwell. The lower chamber was filled with 600 μL DMEM medium containing 10% FBS. After incubation at 37°C for 24 h, cells on the membranes were fixed and stained with 0.1% crystal violet in 20% ethanol solution. Cells at top side of membranes were removed completely, and cells at the bottom side were examined with an Olympus SZX12 microscope and counted.
Mammosphere Culture and Breast Cancer Stem Cell Analyses. BT474 cells were treated with pRNAs for 48 h. Then, cells were suspended in DMEM/F12 medium supplemented with 1xB27 (Thermo Fisher), 20 ng/mL bFGF and 20 ng/mL EGF (R&D), and added into 24-well ultralow attachment plates. After treatment with or without 1 μM 4-OHT for 7 days, mammosphere formation was recorded using an Axiovert S100 TV inverted microscope (Zeiss). Xenograft tumor tissues were cut into small pieces and digested with trypsin and collagenase at 37°C for 1 h, and tumor cells were collected and rinsed with precold PBS. All cells were stained with FITC-conjugated anti-CD44 antibody and PE-conjugated anti-CD24 antibody (BD Pharmingen) in the dark on ice for 30 min. After resuspension with 0.5 mL of PBS buffer, CD44 + /CD24 −/low cell population was analyzed by flow cytometry.
Orthotopic Xenograft Breast Tumor Mouse Model, in Vivo Imaging and Antitumor Therapy. Six-week-old female athymic nude mice were purchased from Charles River Laboratories, and all animal procedures were performed under IACUC-approved protocols at the University of Cincinnati. Athymic nude mice were orthotopically injected with 1 × 10 7 BT474-luc cells mixed with matrigel into the fat pads of the fourth pair of mammary glands. When the tumor sizes reached 100−150 mm 3 , the mice were randomly divided into four groups (four/group) and intravenously (i.v.) injected with pRNAs (4 mg/kg) once a week for 3 weeks. For tamoxifen treatments, 0.5 mgof tamoxifen (Sigma) dissolved in sesame oil was intraperitoneally (i.p.) injected into mice 5 days a week for 3 weeks. The tumor volume was monitored every 3 days, and tumor size was calculated using the formula: volume = 0.5 × (width) 2 × (length). For in vivo pRNA nanoparticle targeting and tumor imaging, mice were i.v. injected with AF647-conjugated pRNA nanoparticles or i.p. injected with D-luciferin and imaged using the IVIS Lumina imaging system with Living Images 3.0 software (Caliper Life Sciences). At the end of the treatment, mice were sacrificed and the organs including heart, liver, spleen, lung, kidneys, and tumors were also excised for imaging. After the tumor weights were recorded, part of the tumor tissues were digested with trypsin and collagenase, lysed for extraction of total proteins and RNAs, or fixed in 10% neutral buffered formalin along with organ tissues, respectively, for further Western blot, real-time PCR and IHC studies, etc. To examine the biodistribution of pRNA nanoparticles within the tumor issues, O.C.T.-embedded frozen sections (5 μm) were examined by confocal microscopy. The same frozen sections were also stained with anti-CD31 primary antibody (BD Biosciences) and Alexa488-conjugated secondary antibody for blood vessels.
H&E and Immunohistochemical (IHC) Staining. The mice organs (heart, liver, spleen, lung, and kidney) and tumors were collected and fixed in 10% neutral buffered formalin, followed by dehydration by gradient series of ethanol (75%, 85%, 95%, and 100%). The dehydrated tissues were embedded in paraffin and cut into 5 μm sections. For H&E staining, the tissue sections were sequentially stained with hematoxylin and eosin (Sigma) and assessed for histology. To examine the MED1 and Ki-67 expression in tumor tissues, IHC staining was performed as previously described.
14 Briefly, tumor tissue sections were first deparaffinized and heat-induced antigen retrieval was performed using citrate buffer before incubation with anti-MED1 or anti-Ki-67 primary antibodies (Thermo scientific) at 4°C overnight. Then, the sections were incubated with biotin-SPconjugated secondary antibody (Jackson ImmunoResearch) and developed using Vectastain ABC kit with DAB substrates (Vector Lab). The nuclei were counterstained with hematoxylin. Finally, the sections were dehydrated and mounted with neutral balsam. The images were analyzed via an Axioplan Imaging 2e microscope (Zeiss).
Statistics. Data were represented as mean ± SEM from at least three independent experiments. The differences among groups were calculated using Student's t test or one-way ANOVA analysis followed by Tukey's post test (GraphPad Prism, GraphPad Software).
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